Direct mass measurements of the low-spin 3/2 (−) and high-spin 13/2 (+) states in the neutrondeficient isotopes 195 Po, 197 Po, and high-spin 13/2 (+) state in 199 Po were performed with the Penning-trap mass spectrometer ISOLTRAP at ISOLDE-CERN. These measurements allow the determination of the excitation energy of the isomeric state arising from the νi 13/2 orbital in 195,197 Po. Additionally, the excitation energy of isomeric states of lead, radon, and radium isotopes in this region were obtained from α-decay chains. The new excitation energies complete the knowledge of the energy systematics in the region and confirm for the first time that the 13/2 (+) states remain isomeric, independent of the number of valence neutrons.
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I. INTRODUCTION
In the neutron-deficient lead region, nuclei around the proton number Z = 82 and below the neutron number N = 126 are known to exhibit shape coexistence [1] . A striking example is 186 Pb [2] , where spherical, oblate and prolate states were found to compete all within 700 keV energy difference. Shape coexistence arises from the possibility that proton-pair excitations across the Z = 82 proton closed shell can be strongly lowered in their excitation energy when moving away from the neutron-closed shell at N = 126. Pairing plays a particularly important role in lifting protons from the low-j 3s 1/2 and 2d 3/2 orbitals, below Z = 82, into the high-j 1h 9/2 orbital above Z = 82. The very strong deformation-driving proton-neutron interaction between these proton-pairs and the increasing number of valence holes (in particular for the Pb region) has resulted in strong evidence of collective bands with rotational characteristics, with a minimal excitation energy for the band head near mid shell at N = 104 [3] [4] [5] [6] [7] .
When studying the expected low-lying states for the odd-mass (Z = 84) Po nuclei and moving away from the N = 126 closed shell towards mid-shell at N = 104, within a simple shell-model approach, one first encounters the low-spin 3p 1/2 , 2f 5/2 and 3p 3/2 orbitals before the high-spin 1i 13/2 orbital, with opposite parity (see Fig. 1 ). In this simple approach, one would expect that sequentially increasing the number of holes within the N = 126 closed shell, the ground-state spin of even-Z, odd-N isotopes would change over the 1/2 − , 5/2 − , 3/2 − sequence, reaching a spin of 13/2 + for the ground-state for N < 114. The neutron orbits of the shell model in this region are shown in Fig. 1 . A similar situation occurs in the case of the odd-mass Sn nuclei, where the spherical shell model would suggest that from A = Z + N = 121 to A = 132, in the vicinity of the Z = 50 shell closure, the high-spin 1i 11/2 orbital gives rise to a 11/2 − ground state. Such a situation is, however, only observed for the A = 123 to A = 127 nuclei (i.e. N = 73 to N = 77) [8, 9] .
It is clear that to have a better description of the changing low-spin excited states in the odd-mass Po nuclei, the pairing properties in different orbitals will play an essential role. Pairing in a given J π = 0 + state resulting from two nucleons with an identical angular momentum (j 1 = j 2 = j) is:
where G is the coupling strength [10] . This energy gain therefore varies linearly with increasing j. This property will, when removing neutrons from the N = 126 core, try to form pairs within the 1i 13/2 orbital, and thus, in the region with N ∼ 116 overturn the standard ordering for most of the ground states. Experimental data in the odd-A nuclei demonstrate that the high-spin 13/2 + state is still an excited state before becoming almost degenerate with the low-spin 3/2 − state halfway between the shell-closures N = 82 and N = 126 [12, 13] . A blind shell-model approach would go as follows: in going from N = 115 to N = 113, it would be expected that the last neutron in the 3p 3/2 orbital and a neutron from the 1i 13/2 orbital are removed, at the expense of breaking a pair in that orbital, thereby forming a 13/2 + ground state. If, however, the valence neutron is kept in the 3p 3/2 orbital while removing two neutrons from 1i 13/2 orbital, this results in a |3p 3/2 (1i 13/2 )
In case the single-particle energy difference between these two orbitals is smaller than the pairing gain in the 1i 13/2 orbital, the 13/2 + state can remain an excited state over a long chain of isotopes.
Similarly for odd-odd isotopes, a competition between the neutron 13/2 (+) state and 3/2 (−) state was observed in even-A thallium (Z = 81), bismuth (Z = 83) and actinium (Z = 85) isotopes [14, 15] where the level spacing between states decreases as N is reduced. The isomeric states 7 + (10 − ) that originate from πs 1/2 ⊗ νi 13/2 (πh 9/2 ⊗ νi 13/2 ) configurations, were found to be above the ground states 2 − (3 + ), that arise from πs 1/2 ⊗ νp 3/2 (πh 9/2 ⊗ νp 3/2 ) configurations, by a few tens of keV.
The 13/2 (+) state has been tracked in previous studies by means of delayed electron and γ spectroscopy, however the information about the level spacing between the 13/2 (+) and 3/2 (−) states is not complete near N = 104, especially in odd-A lead and polonium isotopes where the states are probably almost degenerate. Most importantly, it is not known whether the 13/2 (+) state becomes the ground state near N = 104 as a naive interpretation of the spherical shell model would indicate. This information will give insight into the specific neutron single-particle energies, as well as into the interplay of the pairing energies in the different orbitals and the proton-neutron interaction energy. As observed in the odd-mass Sn nuclei, one expects that eventually the 13/2 (+) state will become the ground state for a still lower neutron number beyond mid-shell. This is, however, not within reach experimentally. A full pairing study of the neutron system could, on the other hand, extract the corresponding one quasi-particle energies.
The relation with known data on nuclear charge radii can shed light on the onset of various nuclear shapes that are known to appear near the neutron mid-shell region such as the competition between oblate and prolate deformation. Hartree-Fock-(Bogoliubov) calculations, also going beyond the mean-field description, have shown that the even-even Po nuclei exhibit an oblate 0 + ground state down to N = 108 (A = 192), changing towards the prolate shape from N = 106 (A = 190) and lower [16] [17] [18] [19] [20] . These results are in line with studies of the energy surfaces and particle-plus-rotor (PPR) calculations [13, 21, 22] starting from a more phenomenological deformed Woods-Saxon potential [23] . The γ-ray energy spectra in the 193, 195, 197 Po nuclei show a pronounced rotational-aligned band on top of the 1i 13/2 state, pointing towards effects that may be best understood if a slight oblate shape is the one determining the lowest-lying states [13, 24] . This is the region where low Ω (the projection of the total angular momentum along the symmetry axis) values originating from the 1i 13/2 are near the neutron Fermi level at N = 109, 111, 113 with an increasing projection with decreasing neutron number. It is only when reaching the 190 Po nucleus, and even lower neutron numbers (and A), that most probably, the nuclear ground-state deformation changes towards prolate and the subsequent strongly-coupled rotational bands become the fingerprint to signal this transition. The data on charge radii [6, 25, 26] are consistently pointing towards an increase relative to the droplet model which is starting at N = 114 (A = 198) and moving quickly up towards the mid-shell point near N = 104 (A = 188) where a prolate ground-state is expected [16] .
In this respect, the measurement of the excitation energy of the level arising from νi 13/2 orbital is of interest to bridge the knowledge gap and to track the evolution of nuclear structure in this region. Since no decay path exists between these states, the measurement of the excitation energy demands precise mass values of the isomeric and ground states. Thus mass measurements of the isotopes of interest were performed with the Penning-trap mass spectrometer at ISOLTRAP, reaching relative uncertainties of the order of 10 −8 [27, 28] . The identification of the investigated state was achieved by utilizing the resonant ionization laser ion source (RILIS) [29] in combination with α-decay-spectroscopy measurements.
In this article, we report on the high-resolution mass measurement of neutron-deficient polonium isotopes with the ISOLTRAP mass spectrometer at CERN-ISOLDE. Isomer-selective laser ionisation and decay spectroscopy were combined with ISOLTRAP's mass measurements capabilities to reveal the state ordering and excitation energy of odd-A isotopes. Through mass links determined by α-decay chains, the state ordering and excitation energies in odd-A lead, radon, radium are also determined.
II. POLONIUM PRODUCTION AND EXPERIMENTAL PROCEDURE
The neutron-deficient polonium isotopes were produced at the online isotope separator ISOLDE-CERN [30] . A thick uranium carbide (UC x ) target was bombarded with 1.4 GeV protons delivered from the CERN Proton Synchrotron Booster (PSB). Proton-induced spallation reactions in the UC x target led to the production of the different polonium isotopes. The radioactive recoils diffused from the target material and effused via a hot cavity (2000 • C) toward the Resonant Ionization Laser Ion Source (RILIS) [29] , where they were ionized. The high temperature of the cavity also resulted in the ionization of isobaric contamination with low ionisation potentials, such as thallium, francium and bismuth. At mass A=197 an additional contamination from 181 Ta 16 O was present, which was related to the use of the high-power nonresonant 532 nm laser. An alternative ionization scheme with only resonant transitions was investigated. No autoionizing states were found when scanning the range 544-588 nm. Instead, a scan for Rydberg states was performed, and finally the optimal scheme that was used was 256 nm → 843 nm→ 594 nm (Rydberg) , to an atomic level at an energy of 67772 cm −1 . The efficiency of this scheme was up to a factor of 10 lower than that of the 256 nm→ 843 nm → 532 nm (non−resonant) scheme. Nonetheless, the reduction in the 181 Ta 16 O was sufficient to enable the measurements at mass A=197 to take place at ISOLTRAP.
By using a narrow-band laser frequency for the 843 nm transtion [31] , the enhancement of one isomer over the other was possible in odd-A isotopes [32, 33] . However, the complex hyperfine structure of these polonium isotopes prevents the production of completely isomerically pure beams [26] . The polonium isotopes were accelerated up to 30 keV and directed through the high-resolution separator HRS dipole magnets, separated according to the mass-to-charge ratio, and deflected to ISOLTRAP where the decay and mass measurements were performed. Figure 2 shows a schematic view of the ISOLTRAP setup. It consists of four traps each of which has a specific function. Usually the experimental cycle at ISOLTRAP contains three processes: cooling and bunching, isobaric purification and finally, frequency measurements. Additionally, decay spectroscopy was performed in order to distinguish between the ground and isomeric states and to determine the yield ratio. The measurements were thus divided into two parts: decay spectroscopy and mass spectrometry. The ion beam from ISOLDE was captured, cooled and bunched in a gas filled radio-frequency-quadrupole (RFQ) trap [34] . The resulting ion bunches were then ejected to ISOLTRAP's multi-reflection time-of-flight mass spectrometer (MR-ToF MS) [35] .
In the mass region of interest, with A = 195, 197, 199, thallium isotopes are the main isobaric contaminants. The resolving power needed to separate polonium from the thallium isobars is ≈ 10 4 , which is within the resolving power of the MR-ToF MS (m/∆m = 10 5 after 30 ms) (see inset in Fig. 2 ) [36] . The pure polonium samples were then ejected from the MR-ToF MS to either the α-decay-spectroscopy station (DSS2.0) [37] [26, 32] . Note that the two hyperfine spectra were recorded in a different experiment, hence the laser resolution achieved in the present work is different.
or to the Penning traps. An electrostatic quadrupole bender was used to deflect the ion bunches by 90
• to the DSS2.0, where the polonium ions were implanted into a 20 µg cm −2 carbon foil fixed to a manual linear actuator. An MCP detector was also attached to the linear actuator for beam tuning. The carbon foil was surrounded by two silicon detectors to identify the energy of the charged particles emitted from the decay of the polonium isotopes. The solid angle coverage of the silicon detectors was 64%. The events were recorded with a triggerless data acquisition system providing the energy and timestamp of each event. Additional timing information was provided from the impact of the protons on the ISOLDE target and release of an ion bunch from the MR-ToF MS.
Alternatively, the ions could be delivered from the MR-ToF MS to the preparation Penning trap for further purification where the mass-selective resonant buffer-gas cooling technique was applied [38] . The damping of the unwanted ion motions (axial and radial motions) in the preparation Penning trap provides an optimal injection of the ions into the precision Penning trap where the mass determination took place. In the precision trap, the mass was measured by using the time-of-flight ion-cyclotron-resonance (ToF-ICR) technique [39] . A quadrupolar RF field was scanned around the cyclotron frequency of the ions under investigation [40] . For each frequency, the ions were then ejected towards an MCP detector and their time-of-flight measured. When the frequency of the RF field coincide with the cyclotron frequency of the ion of interest, the time of flight reaches a minimum. By measuring the cyclotron frequency of the ion, one can extract its charge-to-mass ratio mass q/m from its cyclotron frequency:
To eliminate the magnetic field 
III. RESULTS
During the polonium campaign, two different types of measurements were performed. First, the polonium isotopes were ionized with RILIS and sent to the decay station where the accurate ratio of ground state to isomer was obtained from α-decay schemes. Second, for mass measurements, ToF-ICR spectra were recorded for each individual state or for both together. The combination of these different measurements enabled determination of the precise mass values of the investigated states. For the 195 Po measurements, it was possible to selectively enhance the production of either nuclear state by tuning the laser to a specific wavenumber. In case of the high-spin state 13/2 (+) with half-life of 2 s, the state selection was achieved by tuning the laser frequency to the wavenumber 11853.75 cm −1 where the ionization of the 13/2 (+) state is dominant, see Fig. 3(a) . The amount of the 13/2 (+) state was deduced from the recorded α-decay energy spectrum to be R m = 94(2)% as illustrated in Fig. 4(a) . Thus, three quasi-pure high-spin ToF-ICR resonances were recorded with excitation times of up to 2 s. A representative ToF-ICR spectrum is shown in Fig. 5 .
For the longer-lived low-spin state 3/2 (−) with half-life of 4.64 s, the highest intensity corresponds to the wavenumber 11853.83 cm −1 . This laser setting is not sufficient to separate the two states but rather gives a mixture between the two states leading to R g = 56(1)% ground state, as inferred from the α-decay energy spectrum in Fig. 4(b) . Therefore, the difference in the half-life of the two states of 195 Po was exploited, to modify the ratio between them. In addition to the RILIS laser setting, the ions were kept in the preparation trap for more than 2 s and then transferred to the precision Penning trap. This way, R g was increased and three ToF-ICR resonances were recorded with excitation times of up to 2 s in the precision Penning trap, shown in Fig. 5 . For each state, the frequency ratio is presented in Table I .
B.
197 Po
In the case of the longer-lived 197 Po with half-life of 84 s, it was possible with the RILIS laser tuned to a wavenumber of 11853.95 cm −1 (see Fig. 3(b) ) to obtain pure high-spin ToF-ICR resonances with an excitation time of 3 s. At this laser setting, no evidence for the low-spin in the α-decay energy spectrum is found (see Fig. 4(c) ). This is due to the use of the ionization scheme based on the Rydberg state, which reduced the power broadening of the lines. This resulted in less contamination from the ground state than the previous study. On the contrary, the hyperfine structure of the low-spin state overlaps with the highspin state as shown in Fig. 3(b) and is present in the α-decay energy spectrum of Fig. 4(d) . By using the wavenumber 11853.83 cm −1 , the beam content for the 3/2 (−) state was R g = 25(1)% as obtained from the DSS2.0. Fully-resolved resonances of the isomer and ground states were achieved with a quadrupole excitation time of 5 s as shown in Fig. 6 . In order to correct the shift in the cyclotron frequency center due to simultaneously trapped isomeric and ground state ions, the maximum number of detected ions was limited to 2 in each measurement cycle. For each state, the frequency ratior is presented in Table I . 
C. Analysing mixed resonances
The relative uncertainty associated with the measurements is evaluated as a result from the drift of the magnetic field the trap is placed in, a mass-dependent effect, and a residual systematic uncertainty [43] . Other possible sources of systematic errors have also been considered, resulting from the existence of a small fraction of partially unresolved ground/isomeric state in the 195g,m,197m Po measurements, respectively, which were analyzed as single resonances. To this end, for each data file in question we generated an idealized pure resonance with parameters (magnetron radius, conversion) fixed from the experimental spectrum. A second resonance was then generated, having the same parameters but being a mixture of the ground and isomeric resonances with the weight given by the α-spectroscopy information. The frequencies used for the pure and mixed resonances were the ones obtained from the analysis of the data files using single fits. The mixed resonance was then also evaluated using a single fit and the shift between the resulting center frequency and the center of the pure resonance was added in quadrature as a systematic error.
The more detailed evaluation of systematic errors resulting from mixed resonances fitted as single resonances is shown in Fig. 7 . A systematic shift of the fitted ground-state frequencies was observed as the weight of the isomeric state varies from 0 (no isomeric state is present) to 1 (purely isomeric state). When the two resonances are fully resolved, e.g. with a longer excitation time than 4 s, no change in the frequency is seen as R m increases. The change becomes nonlinear when the excitation time is reduced to 2 s. The results also show that a shorter excitation time leads to linear changes since the two resonances are merged.
The frequency ratio in these measurements were determined with respect to 133 Cs + . The weighted-average of the frequency ratios and the corresponding mass excess (ME) values obtained from these measurements are presented in Table I . The low-spin ME values of 195, 197 Po agree with AME2012 [41, 42] within one standard deviation and provide more precise values.
D.
199m Po
The measurements of 199 Po isotopes were performed using RILIS in broadband mode to produce a balanced ratio between the (13/2 + ) and the (3/2 − ) states. The α-decay measurements at this setting gives R m = 96(1)%, in favor of the high-spin (13/2 + ). Thus, it was not possible to obtain a favorable ratio for the (3/2 − ) state. However using a laser wavenumber of 11854.02 cm −1 in narrowband mode, the beam quality increased to R m = 99.1(3)%, with high purity for the (13/2 + ) state. The mass of this state was obtained by four ToF-ICR measurements with an excitation time of 3 s, one of which was recorded with the broadband laser configuration. The resulting weighted-average frequency ratio and ME are displayed in Table I . E. 196,203,208 Po
In addition to 195, 197, 199 [41, 42] within one standard deviation. The resulting weightedaverage frequency ratios and the ME are displayed in Table I . 55 (12) IV. DISCUSSION
The α-decay spectroscopy supported the mass measurements by providing an accurate measurement of the high-to-low-spin ratio for a given RILIS laser frequency setting. The ratio was used to identify the spin of the nuclear state of the ions for the corresponding ToF-spectrum. Furthermore, it was possible to distinguish the state ordering in the mass measurement. As follows from Eq. (2), the state with a higher cyclotron frequency corresponds to the lighter, more bound, ground state, while the one with a lower cyclotron frequency corresponds to the excited state with higher mass. The results obtained from α-decay spectroscopy and mass measurements combined show that the 13/2 
wherer iso andr g are the weighted-average of the frequency ratios of isomeric and ground states, respectively. Based on the extracted excitation energy of the 13/2 (+) state in 195, 197 Po, the excitation energies of other isotopes in the α-decay chains shown in Fig. 8 are determined by adding or subtracting the difference in Q α -value between the two high-spin and low-spin chains. According to the new ISOLTRAP results, the high-spin state never becomes the ground state. The Figure 9 shows the 13/2
excitation energy across a long chain of isotopes in the lead region. The isomers are obtained by a valence neutron occupying the νi 13/2 orbital, as evidenced in Hg, Pb, and Po by the nuclear dipole magnetic moment [44] [45] [46] . The evolution of their energy is therefore expected to relate to that of the single particle orbital νi 13/2 . A parabolic trend is observed, reaching a minimum at N = 107 for mercury, N = 105 for lead and N = 103 for polonium. This behaviour is also observed in the neutron-rich isotopes near the tin chain with (proton number Z = 50). The νh 11/2 state is observed as an isomer in neutron-rich tin (Z = 50), cadmium (Z = 48) and tellurium (Z = 52) isotopes. The energy of the excited state arising from the νh 11/2 orbital drops from N = 82 and almost becomes degenerate with the ground states νs 1/2 and νd 3/2 for nuclei between N = 65 and 82. In the tin isotopes, however, the difference in energy between the 11/2 − and 3/2 + states decreases with smaller N , which leads to level inversion as the isomeric state 11/2 − becomes the ground state between N = 73 and N = 77.
It is also interesting to note that the energies of the 13/2 + states are generally independent of the occupation of the proton orbitals. They all behave alike whether for a closed shell (Pb), two proton holes below Z = 82 (Hg), or have protons in orbitals above Z = 82 (Po, Rn, and Ra). It is even more striking as this is not seen in other observables, such as the electromagnetic moments where each isotopic chain behaves differently [45, 46] . The particular evolution of the energy of the 13/2 + state, relative to the ground 3/2 − state, exhibits a similar drop in energy to the first excited 0 + state in the even-even nuclei as a function of decreasing neutron number. From a spherical core close to N = 126, the incoming oblate energy minimum drops down to N ∼ 107, and then exhibits a rather flat behaviour moving to still lower neutron numbers, even when crossing the mid-shell point. This close correlation indicates a strong interplay between the odd-particle moving in the average field of a changing even-even core. The deformation values extracted from experimental data (such as the magnetic dipole and electric quadrupole moments), when available, are consistent with the above results [45] [46] [47] . The charge radii and root mean-square values for the quadrupole deformation are rather well reproduced by mean-field studies [6, 25, 48] .
V. CONCLUSION
Direct mass measurements of the low and high-spin states in the neutron-deficient isotopes 195 Po and 197 Po have been performed. The hyperfine structure of the radioactive 195, 197 Po and the difference in the half-lives between the ground and isomeric states of 195 Po, also allowed mass measurements for three of the states. With purified ion ensembles the mass values of (195, 197 )m,g Po were determined by Penning-trap mass spectrometry, from which we obtained for the first time the state ordering and the excitation energy of the 13/2 (+) state in 195, 197 Po. The connection between the measured mass values and the nuclear states was performed by adding an α-decay-spectroscopy setup behind the MR-ToF MS, profiting from its resolving power to obtain pure polonium samples for increased sensitivity. This is the first application of MR-ToFassisted decay-spectroscopy at ISOLTRAP. Additionally, the 13/2 (+) excitation energy of the polonium isotopes' α-decaying daughters and parents was determined. Our presented mass measurements provide information on the behaviour of the 13/2 (+) states in the lead region near N = 104, which remain an excited state as driven by the pairing force in high-j orbitals. This is in contrast to the 11/2 − state in the Sn region which becomes the ground state between N = 73 and N = 77.
